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(57) ABSTRACT

Techniques disclosed herein include methods for DSA pat-
terning and curing of DSA patterns. Techniques include
curing phase-separated block copolymers using vacuum
ultraviolet (VUV) light exposure at wavelengths from about
100 nanometers to 170 nanometers. VUV light can be
generated using a plasma process system and from energiz-
ing various VUV-generating process gasses. A VUV curing
step is executed (fully or partially) prior to executing an etch
process to etch away one of the block copolymers. Such
VUV exposure can selectively harden one block copolymer
while weakening another block copolymer. This hardening
and weakening increases etch selectivity enabling more
effective etching and results in better patterns.

17 Claims, 3 Drawing Sheets
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110
POSITION A SUBSTRATE ON A SUBSTRATE HOLDER OF A PLASMA PROCESSING
SYSTEM, THE SUBSTRATE HAVING A MICRO PHASE-SEPARATED PATTERN OF
BLOCK COPOLYMERS FORMED BY DIRECTED SELF-ASSEMBLY (DSA)

'

120
FLOW A FIRST PROCESS GAS INTO A PLASMA PROCESSING CHAMBER OF THE
PLASMA PROCESSING SYSTEM, THE FIRST PROCESS GAS BEING A GAS THAT
GENERATES VACUUM ULTRA VIOLET RADIATION IN A PLASMA STATE

'

130
IRRADIATE THE SUBSTRATE WITH VACUUM ULTRA VIOLET RADIATION
ORIGINATING FROM PLASMA GENERATED USING THE FIRST PROCESS GAS
SUCH THAT A FIRST BLOCK COPOLYMER INCREASES IN HARDNESS AND A
SECOND BLOCK COPOLYMER DECREASES IN HARDNESS AS COMPARED TO
HARDNESS VALUES PRIOR TO EXPOSURE TO VACUUM ULTRA VIOLET
RADIATION

'

140
FLOW A SECOND PROCESS GAS INTO THE PLASMA PROCESSING CHAMBER,
THE SECOND PROCESS GAS BEING A GAS THAT GENERATES ETCHANTS IN A
PLASMA STATE

A 4
150
EXECUTE AN ETCH PROCESS THAT EXPOSES THE SUBSTRATE TO PLASMA
PRODUCTS GENERATED FROM THE SECOND PROCESS GAS SUCH THAT AT
LEAST A PORTION OF THE SECOND BLOCK COPOLYMER IS ETCHED AND
REMOVED FROM THE SUBSTRATE

'

160
TRANSFERRING THE RELIEF PATTERN INTO ONE OR MORE UNDERLYING
LAYERS OF THE SUBSTRATE

FIG. 1
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1
METHOD FOR DIRECTED SELF-ASSEMBLY
AND PATTERN CURING

CROSS REFERENCE TO RELATED
APPLICATIONS

The present application claims the benefit of U.S. Provi-
sional Patent Application No. 62/034,573, filed on Aug. 7,
2014, entitled “Method for Directed Self-Assembly and
Pattern Curing,” which is incorporated herein by reference
in its entirety.

BACKGROUND OF THE INVENTION

Techniques herein relate to methods of fabricating semi-
conductors including methods for patterning substrates.

Fabricating semiconductor devices includes patterning a
wafer surface to be able to create various trenches, holes,
and openings in underlying layers. Currently there are
challenges with using lithographic tools to create patterns
having critical dimensions to meet design specifications.
Due to the resolution limitations of patterning photoresists,
patterns developed from photoresists do not have lines,
trenches, and holes that are sufficiently small to meet design
specifications. One technique to shrink patterns to desired
dimensions is known as directed self-assembly (DSA).

Directed Self-Assembly (DSA) is a block copolymer
process that uses a manufactured polymer that consists of
two blocks that are connected. With proper activation, the
two (or more) block copolymers will micro phase separate
into individual blocks. Conceptually this is similar to how
oil can be attached to water via soap. Typically oil and water
to not mix but can be held together with certain chemicals,
but with these binding chemicals removed or deactivated, oil
and water will separate. Likewise, two different blocks in a
block copolymer mixture will repel each other, while other
blocks can be attracted to themselves. Activation is typically
executed via heat energy which causes block copolymer
separation on a nanoscale based on various polymer param-
eters. This phase separation causes nanometer-sized struc-
tures to be formed. Typically this is an alternating or
repeating pattern of structures being formed. For example,
alternating lines of block copolymer can be formed or
assembled. Also, one block copolymer can form cylinders
while the second block copolymer forms around the cylin-
ders. Using DSA, cylinder structures can be created based
on Kai the Flory interaction parameter and N—the statistical
molecular weight and the volume. When DSA is coupled
with a photoresist pattern (or other pattern) sub-resolution
structures can be formed. This is possible because multiple
lines or cylinders can be formed within feature dimensions
defined by a photoresist pattern. Accordingly, patterned
dimensions provided by a photoresist pattern can be shrunk
to various design specifications.

SUMMARY

Although directed self-assembly (DSA) can shrink vari-
ous line dimensions, there are challenges with successful
execution of DSA patterning. One challenge with imple-
menting DSA-based patterning involves the development of
a DSA pattern that enables selective etching one block
copolymer while leaving a second block copolymer. For
example, it is challenging to generate a usable pattern by
etching of polymethyl methacrylate (PMMA) domains (a
first block copolymer) while leaving polystyrene (PS)
domains (a second block copolymer) intact. For line-space
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patterns in particular, plasma etch is preferred over the wet
etch process for block copolymer removal processes. This
preference is a result of etch removal using liquid chemistry
causing collapse of line-space patterns. Such collapse can be
due in part to high capillary forces during wet etch pro-
cesses. Thus, conventional wet etch copolymer removal
techniques are not reliable. Removal of one block copoly-
mer domain by dry etching also has challenges. For
example, conventionally there is poor etch selectivity
between PS and PMMA domains. As a result, a degraded or
weakened pattern is formed that is ineffective for subsequent
pattern transfer.

Techniques disclosed herein include methods for DSA
patterning and curing of DSA patterns. Techniques include
curing phase-separated block copolymers using vacuum
ultraviolet (VUV) light exposure at wavelengths from about
100 nanometers to 170 nanometers. VUV light can be
generated using a plasma processing system and from ener-
gizing various VUV-generating process gasses. A VUV
curing step is executed (fully or partially) prior to executing
an etch process to etch away one of the block copolymers.
Such VUV exposure can selectively harden one block copo-
lymer while weakening another block copolymer, as discov-
ered herein. Such a result can apply to selected copolymers
even when both are organic polymers. This hardening and
weakening increases etch selectivity enabling more effective
etching, which results in better patterns. Resulting patterns
can be stronger as well as have better line edge roughness
(LER) as compared to DSA patterns without benefiting from
the curing techniques disclosed herein.

One embodiment includes a method of processing a
substrate. The method includes positioning a substrate on a
substrate holder of a plasma processing system. The sub-
strate has a micro phase-separated pattern of block copoly-
mers formed by directed self-assembly (DSA). A first pro-
cess gas is flowed into a plasma processing chamber of the
plasma processing system. The first process gas is a gas that
generates vacuum ultra violet radiation in a plasma state.
The substrate is irradiated with vacuum ultra violet radiation
originating from plasma generated using the first process gas
such that a first block copolymer increases in hardness and
a second block copolymer decreases in hardness as com-
pared to respective hardness values prior to exposure to
vacuum ultra violet radiation. A second process gas is flowed
into the plasma processing chamber. The second process gas
is a gas that generates etchants in a plasma state. An etch
process is executed that exposes the substrate to plasma
products generated from the second process gas such that at
least a portion of the second block copolymer is etched and
removed from the substrate.

Of course, the order of discussion of the different steps as
described herein has been presented for clarity sake. In
general, these steps can be performed in any suitable order.
Additionally, although each of the different features, tech-
niques, configurations, etc. herein may be discussed in
different places of this disclosure, it is intended that each of
the concepts can be executed independently of each other or
in combination with each other. Accordingly, the present
invention can be embodied and viewed in many different
ways.

Note that this summary section does not specify every
embodiment and/or incrementally novel aspect of the pres-
ent disclosure or claimed invention. Instead, this summary
only provides a preliminary discussion of different embodi-
ments and corresponding points of novelty over conven-
tional techniques. For additional details and/or possible
perspectives of the invention and embodiments, the reader is
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directed to the Detailed Description section and correspond-
ing figures of the present disclosure as further discussed
below.

BRIEF DESCRIPTION OF THE DRAWINGS

A more complete appreciation of various embodiments of
the invention and many of the attendant advantages thereof
will become readily apparent with reference to the following
detailed description considered in conjunction with the
accompanying drawings. The drawings are not necessarily
to scale, with emphasis instead being placed upon illustrat-
ing the features, principles and concepts.

FIG. 1 is a flow chart of a substrate processing method
according to embodiments disclosed herein.

FIG. 2 is a cross-sectional schematic view of an example
substrate segment showing a process flow according to
embodiments disclosed herein.

FIG. 3 is a cross-sectional schematic view of an example
substrate segment showing a process flow according to
embodiments disclosed herein.

FIG. 4 is a cross-sectional schematic view of an example
substrate segment showing a process flow according to
embodiments disclosed herein.

FIG. 5 is a cross-sectional schematic view of an example
substrate segment showing a process flow according to
embodiments disclosed herein.

FIG. 6 is a cross-sectional schematic view of an example
substrate segment showing a process flow according to
embodiments disclosed herein.

FIG. 7 is a cross-sectional schematic view of an example
substrate segment showing a process flow according to
embodiments disclosed herein.

FIG. 8 is a cross-sectional schematic view of an example
substrate segment showing a process flow according to
embodiments disclosed herein.

FIG. 9 is a cross-sectional schematic view of an example
substrate segment showing a process flow according to
embodiments disclosed herein.

DETAILED DESCRIPTION

Techniques disclosed herein include methods for DSA
patterning and curing of DSA patterns. Techniques include
curing phase-separated block copolymers using vacuum
ultraviolet (VUV) light exposure at wavelengths from about
100 nanometers to 170 nanometers. VUV light can be
generated using a plasma process system and from energiz-
ing various VUV-generating process gasses. A VUV curing
step is executed (fully or partially) prior to executing an etch
process to etch away one of the block copolymers. Such
VUV exposure can selectively harden one block copolymer
while weakening another block copolymer, even when both
copolymers are organic polymers. This hardening and weak-
ening increases etch selectivity enabling more effective
etching and results in better patterns. Such resulting patterns
can be stronger as well as have better line edge roughness
(LER) as compared to DSA patterns without benefiting from
the curing techniques disclosed herein.

Referring now to FIG. 1, a flow chart describes one
example embodiment of DSA curing and patterning. In step
110 a substrate is positioned on a substrate holder of a
plasma processing system. For example, a wafer can be
loaded into a plasma processing chamber of a semiconductor
plasma processing system. The substrate has a micro phase-
separated pattern of block copolymers formed by directed
self-assembly (DSA). FIG. 2 shows a cross-sectional seg-
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ment of example substrate 200 prior to receiving a block
copolymer film. Substrate 200 can include a pre-pattern
layer 214. The pre-pattern layer 214 can be tuned to a
particular set of block copolymers to help direct assembly or
phase separation of block copolymers. Pre-pattern layer 214
can include graphoepitaxy or chemoepitaxy techniques.
Antireflective coating layer 212, can assist with patterning
and one or more photo resist layers that were developed
prior to deposition of a block copolymer mix. Pre-patterning
can include using conventional photolithography techniques
as well as using extreme ultraviolet lithography (EUV).
Target layer 210 is an underlying layer that can include
multiple different types of layers. Layer 205 can include
additional underlying layers.

A block copolymer layer 220 is then deposited on sub-
strate 200. FIG. 3 shows an example block copolymer layer
220 deposited on substrate 200. Conventionally, a layer of
block copolymers is typically deposited in liquid form using
a spin-on technique. In some embodiments multiple differ-
ent copolymers can be used. In a common example two
block copolymers are included. In block copolymer layer
220 there is a mix of a first block copolymer and a second
block copolymer. These two block copolymers can be
evenly mixed throughout the layer. By way of a non-limiting
example, a first block copolymer can be polystyrene, and a
second block copolymer can be polymethyl methacrylate.
Block copolymer layer 220 can be activated such that block
copolymers separate from each other and group with like
copolymers on a microscopic scale. This phase separation or
assembly of like copolymers is directed by characteristics of
the pre-pattern layer 214. Depending on types of block
copolymers used and type of pre-pattern on a neutral layer,
the block copolymers can phase separate into organized
structures. Typically such structures include either lines or
cylinders. As lines, the block copolymers alternate with each
other to assemble into a repeating pattern of alternating
lines. As cylinders, an array of cylindrical structures com-
prising one block copolymer can be surrounded by the other
block copolymer. Phase-separation can be activated by one
or more techniques. One activation technique is that of
applied heat which, after reaching a particular threshold
temperature, the block copolymers begin to micro phase-
separate and assemble themselves into a repeating pattern.
FIG. 4 shows an example phase-separated pattern layer 225
that includes first block copolymer 221 and second block
copolymer 222.

In step 120, a first process gas is flowed into a plasma
processing chamber of the plasma processing system. The
first process gas is a gas that generates vacuum ultra violet
radiation in a plasma state. Note that plasma processing
systems are well known in the semiconductor fabrication
industry. There are various different types of plasma pro-
cessing systems that are suitable for generating vacuum
ultraviolet radiation.

In step 130, the substrate is irradiated with vacuum
ultraviolet radiation originating from plasma generated
using the first process gas such that a first block copolymer
221 increases in hardness and a second block copolymer 222
decreases in hardness as compared to respective hardness
values prior to exposure to vacuum ultra violet (VUV)
radiation. FIG. 5 shows substrate 200 being exposed to
plasma 251 which includes a source of vacuum ultraviolet
radiation. VUV radiation, for example, can cause cross-
linking of polystyrene material, while simultaneously
removing cross-linking of PMMA material. In other words,
the VUV breaks down PMMA material making it weaker,
while doing the opposite for polystyrene. The result is that
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polystyrene material becomes more etch resistant while
PMMA material becomes less etch resistant. The vacuum
ultraviolet radiation can include light with wavelengths
between about 105 nanometers and 165 nanometers. In
some embodiments, the first process gas includes at least one
gas selected from the group consisting of He, Ar, H2, N2,
HBr, and COS.

In step 140 a second process gas is flowed into the plasma
processing chamber. The second process gas is a gas that
generates etchants in a plasma state. There are many differ-
ent etchants or combinations of etchants that can be used.
Etching gases are known to those in the field of semicon-
ductor fabrication, and particular gas selections can be based
on type of polymer material being etched. Chloro fluoro
carbons are common gases conventionally used. Example
gases for etching can include H2, Ar, H2, 02, CO2, CO,
COS, SO2, N2, NO2 and NH3.

In Step 150, an etch process is executed that exposes the
substrate to plasma products generated from the second
process gas such that at least a portion of the second block
copolymer is etched and removed from the substrate.
Executing the etch process can include executing a reactive
ion etching treatment or ashing treatment. FIG. 6 illustrates
an example etching process in which products from plasma
252 are directed toward substrate 200 to react with and etch
second block copolymer 222. The etch process can be
continued until the second block copolymer is removed from
the substrate and a relief pattern 260 is defined by the first
block copolymer 221. In other embodiments, products from
plasma 252 etch the second block copolymer without adding
substrate bias, thereby creating isotropic etching. FIG. 7
shows an example result of a completed curing and etching
process in which relief pattern 260 includes a set of lines.

Some embodiments herein can cycle between irradiating
the substrate with vacuum ultra violet radiation and execut-
ing the etch process for incremental removal of material. In
some applications, cycling can be beneficial especially when
VUV radiation cannot completely penetrate a given thick-
ness of block copolymers. As such, VUV radiation cures a
top portion of the block copolymers. This top portion is then
etched, after which gases are switch to VUV-generating
gases to cure the block copolymers again. After the second
cure treatment, a second etching process is executed.
Cycling can be configured such that each cycle etches a
thickness of the second block copolymer that is between
1-10 nanometers. In some embodiments cycling is continued
until the second block copolymer is removed from the
substrate and a relief pattern is defined by the first block
copolymer. Depending on a given thickness of block copo-
lymers, there can be numerous cycles of curing and etching.

In other embodiments, deep ultraviolet (DUV) light from
a lamp source can be used followed by a dry etch process.
When vacuum ultraviolet light is used, etching of one of the
block copolymers is typically more effective when executed
with a dry etch operation. Because VUV radiation can be
created in a plasma processing chamber using ions and
plasma products, there can be some deposition on the
substrate, which can subsequently be broken through using
a dry etch process. In other words, VUV can cause a crust
to form that can prevent etching by liquid or dry chemicals.
This crust can be etched or otherwise removed to continue
pattern creation.

In step 160, the relief pattern 260 is transferred into one
or more underlying layers of the substrate, such as target
layer 210. FIG. 8 shows an example result of transferring the
relief pattern 260 into underlying layers. Thus, with second
block copolymer 222 removed, relief pattern 260 can be
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6

used as a mask for etching one or more underlying layers.
After completing an etch transfer, the first block copolymer
221 and pre-pattern layers can be removed. FIG. 9 shows
substrate 200 having defined structures on the target layer
210. The structures can be built upon or used for subsequent
processing, pattern transfer, etc. Note that by hardening the
first block copolymer 221, a benefit is improved line edge
roughness and/or line width roughness. This improved LER/
LWR translates into better results with pattern transfer.

Accordingly, curing techniques herein can enable effec-
tive use of directed self-assembly as a patterning technique.

In the preceding description, specific details have been set
forth, such as a particular geometry of a processing system
and descriptions of various components and processes used
therein. It should be understood, however, that techniques
herein may be practiced in other embodiments that depart
from these specific details, and that such details are for
purposes of explanation and not limitation. Embodiments
disclosed herein have been described with reference to the
accompanying drawings. Similarly, for purposes of expla-
nation, specific numbers, materials, and configurations have
been set forth in order to provide a thorough understanding.
Nevertheless, embodiments may be practiced without such
specific details. Components having substantially the same
functional constructions are denoted by like reference char-
acters, and thus any redundant descriptions may be omitted.

Various techniques have been described as multiple dis-
crete operations to assist in understanding the various
embodiments. The order of description should not be con-
strued as to imply that these operations are necessarily order
dependent. Indeed, these operations need not be performed
in the order of presentation. Operations described may be
performed in a different order than the described embodi-
ment. Various additional operations may be performed and/
or described operations may be omitted in additional
embodiments.

“Substrate” or “target substrate” as used herein generi-
cally refers to an object being processed in accordance with
the invention. The substrate may include any material por-
tion or structure of a device, particularly a semiconductor or
other electronics device, and may, for example, be a base
substrate structure, such as a semiconductor wafer, reticle, or
a layer on or overlying a base substrate structure such as a
thin film. Thus, substrate is not limited to any particular base
structure, underlying layer or overlying layer, patterned or
un-patterned, but rather, is contemplated to include any such
layer or base structure, and any combination of layers and/or
base structures. The description may reference particular
types of substrates, but this is for illustrative purposes only.

Those skilled in the art will also understand that there can
be many variations made to the operations of the techniques
explained above while still achieving the same objectives of
the invention. Such variations are intended to be covered by
the scope of this disclosure. As such, the foregoing descrip-
tions of embodiments of the invention are not intended to be
limiting. Rather, any limitations to embodiments of the
invention are presented in the following claims.

The invention claimed is:
1. A method of processing a substrate, the method com-
prising:

positioning a substrate on a substrate holder of a plasma
processing system, the substrate having a micro phase-
separated pattern of block copolymers formed by
directed self-assembly (DSA);

flowing a first process gas into a plasma processing
chamber of the plasma processing system, the first
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process gas being a gas that generates vacuum ultra
violet radiation in a plasma state;
irradiating the substrate with vacuum ultra violet radiation
originating from plasma generated using the first pro-
cess gas such that a first block copolymer increases in
hardness and a second block copolymer decreases in
hardness as compared to respective hardness values
prior to exposure to vacuum ultra violet radiation;
flowing a second process gas into the plasma processing
chamber, the second process gas being a gas that
generates etchants in a plasma state; and
executing an etch process that exposes the substrate to
plasma products generated from the second process gas
such that at least a portion of the second block copo-
lymer is etched and removed from the substrate.
2. The method of claim 1, further comprising:
continuing the etch process until the second block copo-
lymer is removed from the substrate and a relief pattern
is defined by the first block copolymer.
3. The method of claim 2, further comprising:
transferring the relief pattern into one or more underlying
layers of the substrate.
4. The method of claim 1, further comprising:
cycling between irradiating the substrate with vacuum
ultra violet radiation and executing the etch process.
5. The method of claim 4, wherein cycling is continued
until the second block copolymer is removed from the
substrate and a relief pattern is defined by the first block
copolymer.
6. The method of claim 5, further comprising:
transferring the relief pattern into one or more underlying
layers of the substrate.
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7. The method of claim 4, wherein cycling is continued
until the second block copolymer is removed from the
substrate and an underlying layer is revealed.

8. The method of claim 4, wherein cycling is executed
such that each cycle etches a thickness of the second block
copolymer that is between 1-10 nanometers.

9. The method of claim 1, wherein executing the etch
process includes executing a reactive ion etching or ashing
treatment.

10. The method of claim 1, wherein the first block
copolymer is polystyrene.

11. The method of claim 1, wherein the second block
copolymer is polymethyl methacrylate.

12. The method of claim 1, wherein the micro phase-
separated pattern of block copolymers includes alternating
linear structures.

13. The method of claim 1, wherein the micro phase-
separated pattern of block copolymers includes an array of
cylindrical structures.

14. The method of claim 1, wherein the first process gas
includes at least one gas selected from the group consisting
of He, Ar, H,, N,, HBr, and COS.

15. The method of claim 1, wherein the vacuum ultra-
violet radiation includes light with wavelengths between
about 105 nanometers and 165 nanometers.

16. The method of claim 1, wherein the second process
gas includes at least one gas selected from the group
consisting of H2, Ar, H2, 02, CO2, CO, COS, SO2, N2,
NO2 and NH3.

17. The method of claim 1, wherein the substrate is
initially patterned using extreme ultraviolet light or an
electron beam.



